The curing kinetics of neat epoxy (NE) and hemp fibre/epoxy composites was studied and assessed using two dynamic models (the Kissinger and Flynn-Waal-Ozawa Models) and an isothermal model (the Autocatalytic Model) which was generally supported by the experimental data obtained from dynamic and isothermal differential scanning calorimetry (DSC) scans. The activation energies for the curing of composites exhibited lower values compared to curing of NE which is believed to be due to higher nucleophilic activity of the amine groups of the curing agent in the presence of fibres. The highest tensile strength, σ was obtained with composites produced with an epoxy to curing agent ratio of 1:1 and the highest Young's modulus, E was obtained with an epoxy to curing agent ratio of 1:1.2. Alkali treated hemp fibre/epoxy (ATFE) composites were found to have higher σ and E values compared to *To whom correspondence should be addressed (Current address: CSIRO Materials Science and Engineering -Geelong, Belmont, Victoria 3216, Australia, Phone: +61352464022, Cell: +61413345047 Fax: +61352464057, E-mail: Saiful.Islam@csiro.au).
Introduction
Diglycidyl ether of bisphenol A (DGEBA) is the most common epoxy resin and is used extensively in industry due to its fluidity and ease with which it can be processed [1] . It possesses many desirable properties (e.g. high tensile strength, σ and Young's modulus, E, excellent chemical and solvent resistance, good creep resistance and excellent fatigue properties) which make it an ideal candidate as matrix for fibre reinforced composites [2] . The physical properties of epoxy resins depend on the extent of cure, which depends on the curing conditions, time and temperature of cure. Therefore, knowledge of curing kinetics for epoxy resin is necessary to control curing in order to control physical properties.
Although epoxy resins can be cured with different curing agents, most studies performed to date have been with amine curing agents [3] [4] [5] . These are highly reactive, low molecular weight curing agents that result in tightly cross-linked networks [1] . A change in the structure of the epoxy network on addition of other polymers might influence the reaction kinetics. The addition of natural cellulose fibres to epoxy resins is thus expected to alter the curing kinetics.
While the curing kinetics of various neat epoxy resins and epoxy resins with other fillers has been extensively studied mostly by using differential scanning calorimetry [6] [7] [8] [9] , the curing kinetics of epoxy resins with natural fibres has not yet been studied.
The dynamic kinetic models proposed by Kissinger [10, 11] and Flynn-Wall-Ozawa [12, 13] are based on multiple-heating-rates. According to Kissinger [10] , the activation energy can be calculated using the following relation:
where is the exothermic peak temperature, q is the constant heating rate, E a is the activation energy and R is the universal gas constant (8.314 J mol -1 K -1 ). Therefore, a plot of versus gives the activation energy without a specific assumption of the conversion dependent function. The kinetic model developed by Flynn-Wall-Ozawa [12, 13] calculates the activation energy as follows: where m and n are the reaction orders and k ′ is the specific reaction rate constant. According to this model, the rate is zero or very small initially and attains a maximum value at some intermediate degree of conversion, typically between 20-40% conversion [15] . The initial rate of autocatalytic reactions may not necessarily be zero, as there is a possibility that reactants can be converted into products via alternative paths, only one of which is autocatalytic. To take these autocatalytic characteristics into account, a generalized expression can be used as follows:
where k 1 and k 2 are the reaction rate constants. Such a model has also been successfully applied to autocatalytic polymerization reactions [14, 16] . In this case, the influence of the reaction products on the conversion rate is given by the term .
The mechanical properties of fibre reinforced polymer composites are largely influenced by the interface. Several test methods (e.g. single fibre pull-out, fragmentation, microindentation, and push out) have been developed to characterise the interface and improve understanding of the adhesion between fibre and matrix resin [17, 18] . Of these methods, the single-fibre pullout test is the most commonly used method because of its ease of application and versatility [19] . The debonding force and embedded length are monitored during the pull-out process and the maximum pull-out force is converted to an apparent interfacial shear strength (IFSS) according to the following Kelly/Tyson Equation [20] :
where F max is the maximum debonding force, r is the radius and l is the embedded length of the fibre. Since the matrix is in compression during this test, the strength of the matrix is not a significant factor, thus allowing brittle matrices such as epoxy resins to be used [21] . There is ample literature available with synthetic fibre/polymer matrix systems and assessment of their IFSS by single fibre pull-out tests [22] [23] [24] . However, very limited work has been reported regarding measurement of IFSS for natural fibres, especially by this technique [25, 26] .
The use of cellulose fibres as polymer reinforcement has increased over the last few years due to their low cost, low density, good specific mechanical properties, sustainability and biodegradability when compared to glass and aramid fibres [27, 28] . Thermoset polymeric materials are attractive as matrix materials for natural fibre reinforced composite production as they generally have reactive functional groups that make them compatible with hydrophilic fibre surfaces [29] . Epoxy resins can form covalent cross-links with natural fibre via hydroxyl groups and therefore, they have potential for the development of high added value natural fibre composites to be used in the automotive industry [30] .
To increase long-term stability of natural fibre composites and to improve interfacial bonding, researchers have attempted using various surface treatments of which alkali treatment with alkali has been found to be the most feasible [31] . Na 2 SO 3 is also commonly used with alkali during the production of pulp to soften the lignin in the pulp and paper industry. Bledzki, Fink and Specht [32] used hemp fibres and investigated the influence of mercerization treatment on the properties of unidirectional epoxy resin model composites and reported an increase of flexural strength up to about 50% and flexural modulus up to about 100%. Wang and Postle
[33] applied a weak (1.9 wt%) NaOH solution containing sodium sulphite (0.2 wt% Na 2 SO 3 ) and sodium carbonate (0.2 wt% Na 2 CO 3 ) to remove non-cellulosic materials from Australian hemp fibres and observed reduction of lignin and pectin. Gassan and Bledzki [34] obtained increases in yarn TS and YM of about 120% and 150% respectively, for tossa jute fibre using a 25 wt% NaOH solution. Alkali treatment of fibres has also been seen to increase the crystallinity [35] , molecular alignment of cellulose, surface roughness of the fibre [25] and to remove noncellulosic materials.
In this work, curing kinetics of NE and composites were studied using two dynamic kinetic models (the Kissinger and Flynn-Wall-Ozawa models) and an isothermal model (the Autocatalytic Model). Both dynamic and isothermal models were used to investigate the activation energies of an epoxy system containing DGEBA and an amine curing agent. The effect of addition of 40 wt% untreated hemp fibre on the activation energies of the same epoxy resin system was also studied. The aim of this study was also to investigate the effect of alkali fibre treatment of hemp fibre and different epoxy to curing agent ratios on the IFSS of hemp/epoxy composites obtained by single fibre pull-out tests. The influence of alkalisation with Na 2 SO 3 as well as different epoxy to curing agent ratios and curing temperatures on the tensile properties of aligned hemp fibre/epoxy composites was also explored.
Experimental

Materials
Retted bast hemp fibre was supplied by Hemcore, UK. Epoxy resin (R180) with an amine curing agent (H180) was obtained from Fibreglass International, Australia. Analytical grade Na 2 SO 3 and 98% NaOH pellets were used for the treatment of the fibres.
Methods
Treatment of the fibres with alkali
Pieces of the woody core present in the retted hemp bast fibre were manually removed. After weighing, fibres were placed into stainless steel canisters of 1L capacity. Pre-weighed NaOH and Na 2 SO 3 solutions were then poured into the canisters such that the fibre to Na 2 SO 3 solution to NaOH solution ratio was 1:2:10 by weight. (25, 50, 70 , and 120 o C) using two empty aluminum sample pans.
Isothermal scans of NE and 40 wt% UTFE composite samples were then carried out such that the curing reactions were considered complete when the isothermal DSC thermograms levelled off to the baseline. Similarly, isothermal scans of NE and 40 wt% UTFE composite samples at three further epoxy to curing agent ratios of 1:0.6, 1:0.8, and 1:1.2 were carried out at 25 o C.
IFSS measurement of hemp fibre/epoxy samples using single fibre pull-out testing
For the measurement of IFSS, single-fibre pull-out test specimens were prepared according to shows a single fibre embedded in epoxy resin. The free end of the fibre that had been contained within the mould slot was glued to a cardboard using polyvinyl acetate (PVAc) glue to give a gauge length of 10 mm. Five specimens were prepared at each embedded length for both untreated fibre/epoxy (UTFE) and alkali treated fibre/epoxy (ATFE) samples and the average debonding force of the five specimens was measured using an Instron tensile tester at a crosshead speed of 0.5 mm/min.
Production of pre-form fibre mats
For the production of long fibre/epoxy composites, fibres were dried at 80 o C for 24 hr to produce fibre mats using the following two methods:
(1) 60 g of dried fibres were aligned by hackling (by hand) to maintain a thickness of 3.5 mm, and (2) 60 g of dried fibres were aligned using a hand carding machine from Ashford
Handicrafts Limited, Ashburton, New Zealand to maintain a thickness of 3.5 mm.
Production of composites (a) Composites produced using different epoxy to curing agent ratios
Fibre mats were placed in a mould and epoxy resin was then poured onto the mats and allowed to soak into the fibres for 10 minutes. Four different epoxy resin to curing agent ratios (1:0.6, 1:0.8, 1:1, and 1:1.2) were used. A hand roller was used to remove the excess resin from the fibre mats resulting in 30 wt% and 40 wt% of fibres in the composites. The epoxy resin soaked fibre mats were placed in a vacuum bag and cured under vacuum for 24
hours at room temperature (25 o C) followed by post curing of the composite mats in an oven at 50 o C for four hours.
(b) Composites produced using different curing temperatures
Fibre mats were placed in an epoxy resin (epoxy to curing agent ratio of 1:1) bath for about 1 hr. The resin soaked mats were then fabricated into composites by placing in a pre-heated mould (the mould was heated using an oven) at three different curing temperatures and compressed at a pressure of 9.4 MPa. The duration of the pressure maintained (the pressure was maintained using pressure control valve of the compression mould) at each curing temperature was based on completion of the curing reaction as observed from thermal analysis results obtained from curing kinetics study (Table 1) . Composites were produced at each of the three curing temperatures with 40 wt% fibre.
Composite tensile testing
The composite mats were cut into tensile test specimens using a computer numerical controlled (CNC) mill according to ASTM D638-03 standard test method for Tensile
Properties of Plastics. The samples were then placed in a conditioning chamber at 23 o C ± 3 o C and 50% ± 5% relative humidity for 40 hr. The specimens were then tested using an Instron-2630-112 extensometer was used to measure strain.
SEM Investigation
The morphology of the fracture surfaces of the tensile tested specimens was studied using a Hitachi S-4000 Field Emission SEM operated at 5 kV. Carbon tape was used to mount the samples on aluminum stubs. The samples were then sputter coated with platinum and palladium to make them conductive prior to SEM observation.
Results and discussion
Curing kinetics of NE and UTFE composites
Activation energies obtained using the dynamic Kissinger and Flynn-Wall-Ozawa
Models (epoxy to curing agent ratio 1:1)
Activation energies were calculated using the Kissinger and Flynn-Wall-Ozawa Models and the peak temperature (T m ) and the total heat of reaction (∆H tot ) obtained from DSC for both NE and composites for each heating rate. Figures 3 and 4 show the DSC exotherms obtained at different heating rates for NE and composites, respectively. From these figures it can be seen that the exotherm peak is found at increasingly higher temperatures as the heating rate increases. The total heat of reaction (∆H tot ) values for the NE and composites were taken as the average of the heat of reaction (∆H 0 ) values obtained at different heating rates as per other researchers [37, 38] . To calculate the heat of reaction (∆H 0 ) at each heating rate, the total area under each exotherm was determined. These results along with the peak temperatures of the exotherms are summarised in Table 2 . It was observed that the ∆H 0 values did not vary much with the increase of heating rate for either NE or the composites. A similar lack of variation with NE was observed by Lopez . [39] . From the results (Table 2) , it was also observed that the heat of reaction at the same heating rate and the total heat of reaction were lower for the composite samples than for NE which might be due to the enhanced nucleophilic activity of the amine groups of the curing agent in presence of the fibre [40] . 
Activation energies obtained using the Isothermal Autocatalytic Model
To calculate activation energies of NE and composites using the Autocatalytic Model (Equation 4), the kinetic parameters k 1 and k 2 of the model were used as per other researchers [15] . To calculate these kinetic parameters, the time required for cure to occur, the heat of reaction obtained from an isothermal scan at time t (∆H t ), and the final degree of cure (α f )) collected from isothermal DSC scans which were carried out at four different curing temperatures (Table 4) were used.
At the start of the cure reaction (t =0 and α = 0), Equation 4 can be simplified to:
Thus, the kinetic parameter, k 1 for both NE and composites was determined directly from isothermal reaction rate curves by extrapolating to zero time and is given in Table 5 . For determination of the kinetic parameter, k 2 and other kinetic parameters m and n of the model, different calculation approaches, have been used by other researchers [15, 43] . However, the graphical-analytical method used by Kenny [44] was applied in the present study to calculate the kinetic parameters k 2 , m and n (Table 5) due to its ease of use. The detailed calculation procedure can be found in the literature [44] . For both NE and composites, the values of m and n appear to decrease and the values of k 1 and k 2 appear to increase to some extent with increasing isothermal temperatures as observed by other researchers [15, 45] . composites is observed at conversion of around 10-35% for all four different isothermal temperatures, as expected for an autocatalytic reaction [46] .
In the Autocatalytic Model there are two kinetic rate constants as described previously and therefore, two activation energies, E a1 and E a2 , can be obtained using the following Arrhenius were obtained to calculate activation energies Ea1 and E a2 from the slopes of the graphs. The activation energies obtained are given in Table 3 .
It can be seen that for this model as for the Kissinger and Flynn-Wall-Ozawa models, the activation energies for the curing of composites exhibited lower values compared to curing of NE (also in Table 3 ) supporting that the addition of fibre in epoxy enhanced the curing reaction between epoxy resin and amine curing agent. The average activation energies obtained from Kissinger and Flynn-Wall-Ozawa Models were higher than those obtained from the Autocatalytic Model. This might be due to a wide temperature range of 25-120 o C used in the current study for the Autocatalytic Model. The wide temperature range might cause a decrease in the slope of the Arrhenius plot due to the large variation in the reaction constants and a consequent reduction in the activation energies. Table 6 summarises the time required to cure NE and composites at four different epoxy to curing agent ratios cured at 25 o C. Both NE and composites had incomplete cure reactions at epoxy to curing agent ratios of 1:0.6 and 1:0.8 which is likely to be due to the deficiency in the availability of the curing agent necessary for the completion of the curing reaction. The cure reactions were complete for both NE and composites at epoxy to curing agent ratios of 1:1 and 1:1.2 and the time required for the curing was found to decrease with the increase of the curing agent as expected. It can also be seen that at the same epoxy to curing agent ratio, the time required to cure NE is longer than that for the composites which might again be caused by the enhanced nucleophilic activity of amine groups in the presence of the cellulosic fibres [40] . In this study, calculation of activation energies at different epoxy to curing agent ratios was not possible due to incomplete curing reactions at epoxy to curing agent ratios of 1:0.6 and 1:0.8 (below their stoichiometric ratio).
Isothermal cure reactions at different epoxy resin to curing agent ratios
IFSS measurement of hemp fibre/epoxy samples
An example of the load versus displacement curve obtained in the pull-out tests on hemp fibre/epoxy samples is shown in Figure 10 . From the figure, five stages can be seen [47] . The highest IFSS value for ATFE samples was 5.2 MPa which was higher than the highest value of 2.7 for UTFE samples, supporting that there was a stronger interface between alkali treated fibre and epoxy resin. Higher interfacial bonding for ATFE samples can be explained by the increase of available -OH groups as observed by FTIR analysis [50] due to alkali treatment. These would be expected to occur due to removal of the non-cellulosic materials covering the cellulose -OH groups and also due to increased roughness, which would generally increase the surface area of the fibre. Increased exposure of cellulose -OH groups would provide increased potential for hydrogen and covalent bonding with amine (NH 2 )
groups of the curing agent and epoxide or -OH group of epoxy resin. In addition to increasing -OH groups for bonding, increased surface roughness would also provide for better mechanical interlocking with epoxy resin [51, 52] .
From the slopes of the graphs of debonding force versus embedded length (Figures 11 and 12) it can be determined that for both UTFE and ATFE samples, the best fibre/epoxy bonding is for E 1 C 1 followed by E 1 C 1.2 and E 1 C 0.8 , and finally for E 1 C 0. 6 . It had been thought that increasing the curing agent to epoxy resin ratio above its stoichiometry might have allowed for extra active hydrogen groups to form hydrogen bonding with the -OH groups of fibre to provide increased interfacial bonding. However, the fact the E 1 C 1 samples were found to have higher IFSS than E 1 C 1.2 samples suggests that either matrix integrity has been compromised or reduced wettability has been a factor. The best wettability would be expected to occur for resins with the lowest viscosity for which curing time as described previously could be used to indicate the relative order; resins with the longest curing time would be expected to have the lowest viscosity. Therefore, the best wettability would be expected for E 1 C 0.6 followed by E 1 C 0.8 and E 1 C 1 , and finally for E 1 C 1.2 . Better wetting not increasing the fibre/epoxy bonding in E 1 C 0.6 and E 1 C 0.8 samples may be due to reduced matrix integrity or reduced interfacial bonding.
IFSS was found to decrease with embedded length for both UTFE and ATFE samples, such that ATFE samples were found to be more variable than UTFE samples (Figures 13 and 14) .
This variation of IFSS versus embedded length indicates a brittle interface fracture behaviour as reported by other researchers [53] . A non-constant function arises with pull-out by brittle fracture due to the requirement of a critical crack length, which, once achieved, requires no further increase of stress for a longer embedded fibre length. As previously discussed, the increased access of -OH groups is likely to contribute to the increase in interfacial strength and therefore increased brittle behaviour of the ATFE samples. The degree of inconsistency for both UTFE and ATFE samples generally increased with increase in IFSS which would be expected to bring about more brittle behaviour. Figure 15 shows the tensile properties of 30 and 40 wt% UTFE and ATFE composites produced using four different epoxy to curing agent ratios. Higher σ and E were obtained at the higher fibre content of 40 wt% than at 30 wt%, as would be expected with successful reinforcement. It can also be seen that σ and E increased for both UTFE and ATFE composites as the epoxy resin to curing agent ratio was varied from 1:0.6 to 1:1. σ was then found to decrease, although E still increased when the epoxy to curing agent ratio was decreased further to 1:1.2.
Effects of epoxy to curing agent ratio on composite tensile properties
Composites produced with alkali treated fibres were found to exhibit better tensile properties than those with untreated fibres. This could be due to the increased bonding of epoxy resin with fibres due to the increased availability of fibre -OH groups as well as surface roughening upon alkali treatment as discussed previously. Figure 16 shows tensile properties of 40 wt% UTFE and ATFE composites produced at three different curing temperatures of 25, 70 and 120 o C. From the results it can be seen that σ and E are higher at 70 o C than at 25 o C for both UTFE and ATFE composites, but decrease as the curing temperature is increased further to 120 o C. σ and E are consistently higher for ATFE than for UTFE composites as seen in the previous section.
Effect of curing temperature on composite tensile properties
The increase in curing temperature would be expected to decrease the viscosity of the epoxy resin [54, 55] , which could lead to better penetration of the resin between the fibres and result in an increase in fibre/resin wetting. Increased fibre/resin wetting could result in a stronger interface which could lead to an increase in σ and E and a decrease in FS of the composites.
However, composite production by rapid curing at 120 o C might not allow sufficient time for epoxy resin to penetrate between the fibres as effectively as it did during composite production by curing at 70 o C, and might also generate higher internal stresses which could result in decreased tensile properties as reported by Hepworth, Bruce, Vincent and Jeronimidis [56] . 
Conclusions
Two dynamic models (the Kissinger and Flynn-Waal-Ozawa Models) and an isothermal model (the Autocatalytic Model) provided good fits for the experimental data obtained from isothermal differential scanning calorimetry scans of neat epoxy (NE) and 40 wt% fibre composites. The activation energies for the curing of composites exhibited lower values compared to curing of NE. This indicates that the addition of fibre in epoxy resin enhanced the curing reaction between epoxy resin and amine curing agent which could be due to higher nucleophilic activity of the amine groups of the curing agent in the presence of fibres. The average activation energies obtained from dynamic models were higher than those obtained from the isothermal model. This might be due to the wide temperature range of 25-120 o C used in this study leading to a decrease in the slope of the Arrhenius plot due to the large variation in the reaction constants.
Higher IFSS values were obtained for alkali treated fibre/epoxy samples than for untreated fibre/epoxy samples supporting that there was a stronger interface between alkali treated fibre and epoxy resin. This is believed to be due to the increased exposure of -OH groups and surface roughness upon alkali treatment of the fibres. The highest IFSS value of 5.2 MPa achieved was at an epoxy to curing agent ratio of 1:1. Higher IFSS of alkali treated fibre composites appears to have resulted in higher tensile strength, σ and Young's modulus, E, compared to untreated fibre composites. The largest increase in σ was obtained for ATFE composites with an epoxy to curing agent ratio of 1:1 and the largest increase in E was obtained with an epoxy to curing agent ratio of 1:1.2. σ and E of the composites were found to be higher at 70 o C than at 25 o C for both UTFE and ATFE composites, but they were found to decrease as the curing temperature was increased further to 120 o C, suggesting that 70 o C gave the best compromise in terms of resin viscosity and time to cure, as well as reduction of internal stresses. 
Figure 9
Arrhenius plot for the reaction constant k 2 .
Figure 10
Typical load versus displacement curve for pull-out tests on hemp/epoxy samples.
Figure 11
Debonding force versus embedded length plots for UTFE samples at various epoxy resin to curing agent ratios.
Figure 12
Debonding force versus embedded length plots for ATFE samples at various epoxy resin to curing agent ratios. 
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